Simple sequence repeats (SSRs) have been widely used in maize genetics and breeding, because they are codominant, easy to score, and highly abundant. In this study, we used whole-genome sequences from 16 maize inbreds and 1 wild relative to determine SSR abundance and to develop a set of high-density polymorphic SSR markers. A total of 264 658 SSRs were identified across the 17 genomes, with an average of 135 693 SSRs per genome. Marker density was one SSR every of 15.48 kb. (C/G)n, (AT)n, (CAG/CTG)n, and (AAAT/ATTT)n were the most frequent motifs for mono, di-, tri-, and tetra-nucleotide SSRs, respectively. SSRs were most abundant in intergenic region and least frequent in untranslated regions, as revealed by comparing SSR distributions of three representative resequenced genomes. Comparing SSR sequences and e-polymerase chain reaction analysis among the 17 tested genomes created a new database, including 111 887 SSRs, that could be develop as polymorphic markers in silico. Among these markers, 58. 00, 26.09, 7.20, 3.00, 3.93, and 1.78% of them had mono, di-, tri-, tetra-, penta-, and hexa-nucleotide motifs, respectively. Polymorphic information content for 35 573 polymorphic SSRs out of 111 887 loci varied from 0.05 to 0.83, with an average of 0.31 in the 17 tested genomes. Experimental validation of polymorphic SSR markers showed that over 70% of the primer pairs could generate the target bands with length polymorphism, and these markers would be very powerful when they are used for genetic populations derived from various types of maize germplasms that were sampled for this study.
Introduction
Maize (Zea mays L.) is one of the most important food, feed, and industrial crops globally and a model system for the study of genetics, evolution, and domestication.
The maize genome is large and complex. The estimated total size of genome draft is 2.3 Gb, with over 80% of repeated sequences of various types. 1 The genetic variability in the maize genome can be utilized to enhance biotic and abiotic stress tolerance and to improve agronomic traits such as quality, maturity, and yield potential. Types of variation at the whole-genomic level include microsatellites or simple sequence repeats † The authors contributed equally to this work.
(SSRs), single-nucleotide polymorphisms (SNPs), insertions and deletions (indels), and various types of structure variation.
SSRs are tandemly repeated mono-, di-, tri-, tetra-, penta-, and hexa-nucleotide sequence motifs flanked by unique sequences. 2, 3 The unique sequences bordering the SSR motifs provide templates for specific primers to amplify SSR alleles via polymerase chain reaction (PCR), and allelic differences are usually the result of variable numbers of repeat units within a microsatellite structure. 4 A larger number of repeated units is generally related to greater genotypic variation, and the shorter motifs such as those with mono-, and dinucleotides usually possess more repeats than longer motifs such as those with tetra-, penta-, and hexanucleotides. However, shorter motifs can produce more slipped-strand mispairing (stuttering) during PCR, which usually lead to genotyping errors. 5, 6 Based on the repetitive architecture, purity, and complexity of their motifs, SSRs can be classified as perfect (single motif in an uninterrupted array), imperfect, orcompound (two or more motifs in interrupted or uninterrupted arrays). As we known, SSR loci with longer or perfect motifs can exhibit a higher level of allelic variability. 5 SSRs have been the genetic markers of choice, because they are easy to score, and have multiallelic nature, co-dominant inheritance, and clear advantages over restriction fragment length polymorphism and amplified fragment length polymorphism markers in terms of technical simplicity, throughput level and automation. 7 Compared with SNP markers that are generally biallelic, 8 SSR markers are more informative because it can detect multiple alleles per locus, so they are still commonly used nowadays.
Thanks to the availability of whole-genome or transcriptome sequences in public databases and in the recent advent of bioinformatics tools, development of genetic markers including SSRs has become much easier and more cost-effective. Genetic markers can be obtained by screening genomic, cDNA sequences, or libraries of clones. To facilitate access to and utilization of SSR markers in Brachypodium, 27 329 SSR markers were successfully designed through genomewide analysis, but only 398 SSR markers have been developed from its bacterial artificial chromosomes end and expressed sequence tag databases. 9 The availability of the completed soybean whole-genome sequence also provided an ideal resource for the genomewide development of locus-specific SSR markers, and 33 065 high-polymorphic SSRs were developed with the availability of their genome positions and primer sequences. 10 Barchi et al. 11 combined the recently developed a restriction site-associated DNA approach with Illumina DNA sequencing to rapidly discover a large number of SNP and SSR markers for eggplant. Huang et al. 12 identified over 3.6 million SNPs by sequencing 517 rice landraces, which were used in genome-wide association studies for 14 agronomic traits. These results show that genetic markers such as SSRs and SNPs are abundant in different crop genomes and can be easily scored, making it more accessible to the breeders and geneticists. SSRs are abundant and well distributed throughout the maize genome, which can be employed as a preferred marker system. SSR markers have been utilized extensively in maize to characterize the genetic structure and diversity, to construct phylogenetic trees and to define potential heterotic groups, and to identify unique sources of allelic diversity. 13 -15 Furthermore, SSR markers have been widely used for genetic map construction, quantitative trait locus (QTL) mapping, mapbased cloning, and marker-assisted selection (MAS) because of their ubiquity and high level of polymorphism. Hence, enriching the current maize linkage maps with more SSR markers is of great value for the global maize molecular breeding.
In recent years, many SSR markers have been developed and are publicly available (http://www.maizegdb. org/ssr.php) based on their target sequences among different maize germplasm accessions. However, a relatively low level of polymorphism was observed between cultivated maize and their relatives, and within populations derived from cultivated Â teosinte and temperate Â tropical maize crosses. The availability of the reference genome sequence and increasingly costeffective sequencing facilities makes it possible to do whole-genome sequencing for more maize germplasm accessions. We used whole-genome sequence information from 3 typical tropical maize inbreds, 13 typical temperate maize inbreds from different heterotic groups, and 1 teosinte line, to analyse their genetic variation and to develop polymorphic molecular markers that can be used for high-resolution MAS, genomic selection, and QTL mapping. Using germplasm of diverse resources including teosinte and different types of maize lines, we can reveal and utilize unique alleles and loci better. Thus, the objectives of this study were to determine the abundance and characterization of SSRs in the maize genome and to use stringent screening to develop highly polymorphic SSR markers.
Materials and methods

Plant materials
Sequence data were generated for 17 genotypes including 16 improved maize inbred lines and 1 wild relative, Z. mays ssp. mexicana (hereafter Z. mexicana), which were listed in 
Maize genome sequences
For maize lines 81565, 18Red, 18White, 48-2, Dan598, ES40, RP125, and Z. mexicana, sequences were generated, and paired-end libraries were constructed according to the Illumina manufacturer's instructions. An average resequencing depth was 13Â and genome coverage was 85% for maize inbreds. One teosinte species Mexican was sequenced with an average of resequencing depth of 9Â and genome coverage of 74%. The genome sequences for the remaining maize lines were downloaded from the NCBI Sequence Read Archive (SRA) database (SRA049859 and SRA051245) and NCBI GenBank (JQ886798-JQ887980). All sequence reads were aligned against the maize B73 reference genome (www.maizesequence.org Release 4a.53) using Short Oligonucleotide Alignment Program 2 (http://soap.genomics.org.cn/). Sequencing and reads mapping were carried out at Beijing Genomics Institute (Shenzhen, China). 16 -18 2.3. SSR identification and primer design SSR motifs were identified in 17 genomes using MISA (MIcroSAtellite identification tool) program downloaded from the Leibniz Institute of Plant Genetics Any SSR locus to be used to develop genetic markers should include a perfect repeat motif and two unique flanking sequences with 300 bp on each sides of the repeat. In our study, SSR candidate sequences were used for BLASTN search against the genome sequences (e-value cut-off of 1e 210 ), and filtered with .90% of identity and minimum alignment length with .85% of the flanking sequences. Those with unique hit, together with their specific flanking sequences, were identified as candidate SSR loci. Then, we wrote a Perl script to combine SSRs within 5 kb of different genomes with the same motif and to identify polymorphic SSR loci among 17 genotypes depending on the presence of motifs.
The forward and reverse primers were designed based on unique flanking sequences using Primer 3 (http://primer3.sourceforge.net/). Input parameters for the primer design were as follows: minimum, maximum, and optimal sizes were 18, 27, and 20 nt; minimum and maximum GC were 20 and 80%; and minimum, maximum, and optimal T m were 57, 63, and 608C, respectively. The deviation of amplicon size of each SSR primer ranged from 30 to 500 bp based on the expected SSR sequence length.
In addition, electronic polymerase chain reaction (e-PCR) programme (http://www.ncbi.nlm.nih.gov/ projects/e-pcr/) was applied to check the uniqueness and specificity of designed primers in the genomes. The parameters were set as following: the word size was 9, the discontiguous word was 1, the maximal allowed deviation of hit product size was 100, the maximum mismatches allowed, and the maximum indels allowed were 1, respectively. On the other hand, the published SSR markers reposited in MaizeGDB (http://www. maizegdb.org/) were downloaded and amplified in silicon through e-PCR programme for furthercomparison.
Experimental validation of polymorphic SSR
markers To assess the value of identified SSR markers, 151 primer pairs from 10 chromosomes including all types of SSR were chosen for experimental validation. The samples used in this experiment included 20 improved maize lines and 7 teosinte lines (Table 1) . Genomic DNA was extracted from seedlings using the CTAB method. Primers were made by Shanghai DNA Biotechnologies Co., Ltd. PCR was performed in 25 ml reactions containing 2.5 ml buffer, 2.5 ml MgCl 2 (25 mM), 4.0 ml dNTP (2.5 mM), 0.2 ml Taq polymerase (5 U/ml), 1 ml template DNA (100 ng/ml),13.8 ml ddH 2 O, and 0.1 mg primers. The PCR conditions were as follows: 1 cycle at 948C for 5 min; 35 cycles at 948C for 30 s, 608C for 30 s, 728C for 1 min, and 1 cycle at 728C for 10 min. PCR products mixed with loading buffer were heated at 958C for 5 min and quickly chilled on ice. The entire mixture was electrophoresed on 6% denaturing polyacrylamide gel, and the genotype was scored after silver staining. The number of alleles was recorded and the polymorphism information content (PIC) was calculated as described by Smith et al. 19 
Results
The abundance of SSRs in the maize genome
A large number of perfect SSRs with mono-, di-, tri-, tetra-, penta-, and hexa-nucleotide motifs were identified, but the numbers varied among different genomes ( Table 2 ). The average number of SSRs was 135 693 in 17 genotypes, ranging from 133 346 loci observed in mexicana to 136 723 loci in tropical/subtropical maize inbred 81565. Some reads from Z. mexicana could not be mapped onto the reference genome, which resulted in relatively lower genome coverage and thus, less SSRs identified compared with other maize inbreds. A total of 264 658 unique SSR loci were detected in 17 genomes, of which mono-, di-, tri-, tetra-, penta-, and hexa-nucleotide SSRs were 153 231, 65 236, 25 910, 6572, 8839, and 4870, respectively. The mono-nucleotide motif is the most abundant, accounted for 57.90%. There were 38 971 common SSRs (15% of the total) observed to be the same across 17 genotypes. The SSR density was calculated based on the maize reference genome size of 2.1 Gb, and there was a little difference among 17 genotypes for each nucleotide motif, with an average interval of 15.48 kb between SSR loci for every genome. However, the average intervals for mono-, di-, tri-, tetra-, penta-, and hexa-nucleotide SSRs were remarkably different, which were 26.93, 60.88, 150.95, 717.70, 505.05, and 942.55 kb, respectively (Table 2) . SSRs were considerably abundant and distributed throughout the maize genome, with a small average marker interval (7.93 kb) for all detected loci.
We also examined different SSR repeat types in the genome for all tested genotypes. The frequencies of different nucleotide repeat types in each motif were different, but they showed similar frequency patterns 500
Development and Characterization of SSR Markers [Vol. 20, (Table 3) . Of mononucleotide motifs, C/G repeats accounted for 54.4%, which was slightly higher than A/T repeats. Of the di-nucleotide motifs, (AT)n were most frequent (24.93%), followed by (AG/CT)n (24.36%), (TA)n (21.03%), and (GA/TC) (20.64%), while the (CG)n motif was least frequent (0.80%). Of the tri-nucleotide motifs, (CAG/CTG)n was the most abundant (15.86%), while other nucleotide repeat types had lower frequencies (0.4 -6%). Of the tetra-nucleotide SSRs, (AAAT/ATTT)n, was most frequent (10.35%), and the frequencies for the rest nucleotide repeat types were all lower than 7%. There were many types of penta-and hexa-nucleotide SSRs, each with low frequencies, ranging from 0.04 to 4%. The numbers of mono-, di-, tri-, tetra-, penta-, and hexa-nucleotide motifs in different repeat unit classes are also listed in Table 3 . The average repeat lengths were different among various motifs ranging from 11.02 for (A/T)n to 58.84 for (AGT/ACT)n.
Screening of SSR loci and development of maize
SSR markers A total of 2034 SSR markers have been recently developed and reported on MaizeGDB website (www. maizegdb.org). Among the public markers, 1556 SSRs have genomic positions. Through e-PCR programme conducted in B73 genome, 827 SSR markers have specific amplicon, 60 SSR markers have more than one binding sites, and the remaining markers have no proper binding sites on the 10 chromosomes. Here, we developed a new database containing more SSR markers with unique flanking sequences. From the SSRs that could be detected (264 658) across 17 maize genomes, 189 087 (71.45%) of them were identified with unique flanking sequences with an average of 82 741.9 SSR loci for each genome ( Table 4 ). The average numbers of SSR loci with different motifs for each genome were notably different, accounting for 55.19, 74.60, 48.09, 81.94, 80.69, and 68.94% of the total SSRs for mono-, di-, tri-, tetra-, penta-, and hexa-nucleotide motifs, respectively (Table 4 ). It implies that over 80% of tetra-and penta-nucleotide motifs in the maize genome can be used to design SSR markers. A total of 25 437 SSRs with unique flanking sequences were found to be shared across 17 tested genomes, of which 9240 (36.33%) were polymorphic.
Of 189 087 candidate SSRs, 188 571 loci have specific physical position and would be developed as genetic markers in the study. Primer pairs were then designed for the 188 571 SSR loci, with 13 344 (chromosome 10) to 29 779 (chromosome 1) SSRs on each chromosome, and 173 587 of them were polymorphic with length differences and present-absent variation in 17 genomes. E-PCR programme was further conducted to validate and refine the specificity of new designed SSR markers, and 111 887 primer pairs of them could bind as expected and the others were amplified with multiple binding sites or false match. Through comparing SSR sequences among 17 tested genomes, a new database was developed to include 111 887 SSR markers with specific physical positions, with proportion of 59% of the candidate SSR loci with specific flanking sequences (Table 5 and  Supplementary Table S1 ). Among these markers, SSRs with mono-, di-, tri-, tetra-, penta-, and hexa-nucleotide motifs accounted for 58.00, 26.09, 7.20, 3.00, 3.93, and 1.78%, respectively. A total of 35 573 SSR loci, accounting for 31.8% of the refined SSR markers, showed length polymorphism in the 17 tested genotypes. The PIC for these polymorphic SSRs varied from 0.05 to 0.83, with an average of 0.31 (Supplementary  Table S1 ). SSR markers with mono-and di-nucleotide motifs showed higher levels of polymorphism (33.87 and 37.31%, respectively) than other SSR markers with tetra-, penta-, and hexa-nucleotide motifs (7.44-17.19% ). Comparing with the SSR markers in MaizeGDB database, there were 18 606 SSR markers, accounting for 16.6% of the newly developed SSR markers, shared the same loci with the public SSR markers with various motifs. However, only 527 (0.47%) newly developed SSR markers had completely compatible position with public SSR primers. Additionally, the average SSR lengths and number of loci across 10 chromosomes were calculated for three SSR datasets, all SSRs, SSRs with unique flanking sequences, and polymorphic SSRs (Fig. 1) . In each of the three SSR datasets, the numbers of loci gradually declined with the increase of SSR lengths, the same as shown in previous studies. 20 Fig. 2 a and b , respectively. SSRs were unevenly distributed on chromosome regions, and there were much more loci located in near telomeric regions than near centromeres, which was accordance with the distribution patterns of genes in maize. 21 Moreover, we compared SSR distributions across five genomic regions using tested genomes of P1, B73, and Z. mexicana to represent tropical, temperate, and wild maize germplasm, respectively (Table 6 ). SSR loci were most abundant in intergenic region and least frequent in UTR region. Polymorphism rate and GC content of SSRs in coding regions were higher than other genic regions.
The average intervals between SSRs were the longest in intergenic regions, second in CDS regions, and smallest in promotors (Table 6 ). Distributions for the SSRs with unique flanking sequences and for the polymorphic SSRs across tested genomes also varied among the six genomic regions, but the trend was consistent with that for all the candidate SSR loci. This MNR, DNR, TNR, TTR, PNR, and HNR indicate mono-, di-, tri-, tetra-, penta-, and hexa-nucleotide SSRs. result is also in full agreement with a previous report in rice. 22 In addition, SSR distribution was rather similar among the three representative genotypes.
Furthermore, the repeat types of SSRs in CDS region of B73 were investigated. SSRs with tri-nucleotide repeats were the most (1832) among the six repeat types, with proportion of 71.8% in CDS region. The tri-and hexa-nucleotide SSRs that would not bring the frame shift accounted for 84.1% (2148) of the SSRs in CDS region. Therefore, only 15.9% of the SSRs in CDS region have potential threats to the gene structure.
SSR markers validated for quality
and polymorphism A total of 151 SSR markers were randomly chosen for experimental validation using 20 maize inbreds and 7 teosinte lines (Fig. 3 and Table 1 ). Of them, 121 primer pairs (80.1%) generated specific products and distinct bands, while 30 primer pairs failed to produce stable or clear bands due to the lack of sequence specificity in the genomic DNA samples. The majority of the 121 primer pairs (112 primer pairs) revealed high levels of allelic diversity in tested 27 lines, with PIC values of 0.074 -0.796 (an average of 0.478). The 112 polymorphic SSR loci contained 329 alleles in total and an average of 2.94 alleles with a range of 2-5 (Supplementary Table S2 ).
In addition, we made a detailed comparison of the allele number and PIC value in silicon analysis and in maker validation in 17 tested genotypes. Forty-one of the 121 primers possessed the practical alleles in accordance with the expected alleles, 38 primer pairs had more allele number, and 42 primer pairs had less allele number in silicon analysis than in maker validation (Supplementary Table S2 ). Additionally, comparing polymorphism in silicon analysis using 17 tested genomes and in maker validation using 27 genotypes, we found that 51 primer pairs showed more alleles and higher PIC values in validation experiment (Supplementary Table S2 ). Interestingly, 26 of 151 SSR markers with no polymorphism in silicon analysis showed more than one alleles in validation experiment. We also found that the length of PCR products in silicon analysis almost consist with those in marker Tables S1 and S2 ). The results indicate that newly developed SSR markers are informative and useful, and 70% of the SSR markers in our database are valid and polymorphic.
Discussion
SSRs are co-dominant, abundant, high polymorphic, and dispersed throughout plant genomes. Based on the survey across genomes, on average one SSR was found every 1.14 kb in Arabidopsis, 23 3.6 kb in rice, 22 4 kb in Brassica oleracea, 24 4.5 kb in soybean, 10 220 kb in sorghum, 25 and 578 kb in wheat. 26 In this study, average SSR density was one SSR every 15.48 kb. These may reflect real genetic differences existing among plant genomes at DNA level, and also the differences involved in sequencing methods and procedures. We used maize inbred B73 as the reference genome, some reads from maize wild relative, Z. mexicana, could not be mapped onto the reference, resulting in a relatively lower genome coverage and thus, less SSRs identified compared with other maize inbreds. Therefore, the number of SSR loci identified from Z. Mexicana may be underestimated.
In general, a small difference in SSR distribution was found for different populations or ecotypes in the same species. For instance, a very similar SSR distribution was found between indica and japonica rice, and the SSR density (interval between two SSRs) varied from one SSR every 2.0 -8.1 kb, which was higher in 5 0 -UTR (one SSR every 2.1 and 2.0 kb, respectively) but low in CDS regions (one SSR every 8.1 and 7.7 kb, respectively). 22 Our study revealed a similar SSR distribution pattern across the tested temperate, tropical, and wild maize lines. However, SSRs are not evenly distributed in different genomic regions with much lower SSR density in CDS region than in UTR and intronic regions. Intriguingly, we found that majority of SSRs resided in CDS region were tri-nucleotide repeats, which was consistent with other report and implied 27 Comparing with rice genome, the average SSR length was approximately identical (16 -17 bp), but the average GC content in maize SSR sequences was much higher (47%) than rice (27%). In the maize genome, the proportions of mono-, di-, and tri-nucleotide SSR motifs were 60, 20, and 10%, respectively. Tetra-, penta-, and hexa-nucleotide SSR motifs were less abundant, together accounting for 10%, which was accordance with the report in rice. 22 SSR densities for different motifs were also unbalanced and the average interval varied from 26 to 950 kb. Moreover, we found that C/G, AT, and CAG/CTG repeats were the most common for mono-, di-, and tri-nucleotide SSRs, respectively, in maize, while A/T, AG, and AGG/CCT repeats are the most common in rice. 22 Meanwhile, AT repeats were also the most common dinucleotide motifs in sorghum. 25 Short-read data from next-generation sequencing technologies are now being generated across a range of research projects. The fidelity of this data can be affected by several factors, and mapping errors and gaps still exist to a certain extent. 28 However, the availability of the maize genome sequence still affords us a simple and economical way to survey and identify markers, thus enabling us to develop more convenient molecular markers for breeding applications. Several sets of maize germplasm including temperate, tropical, and their wild relatives were resequenced using nextgeneration sequencing technology. 18,29 -31 There are two major advantages in using currently available data for the analysis of SSR distribution and marker development. The maize germplasms from different ecological regions and heterotic groups (PB, SPT, PA, LRC, and BSSS) are highly diverse and host rare and unique alleles, providing an opportunity of using these types of genetic variation in hybrid maize breeding. On the other hand, whole-genome sequence data provide an ideal resource and the most complete picture of genetic variation for developing high-density genetic markers. SSR markers of highly polymorphic among diverse germplasms provide some advantages in genetics and breeding applications. In spite of considerable efforts in developing molecular markers in maize, the number of SSRs publicly available is still limited. From .260 000 SSRs identified from 17 tested genomes, we detected 111 887 SSR loci with unique flanking sequence and single binding site through genome sequence blast and e-PCR analysis. These SSR loci can be developed as polymorphic markers in silico and public on the MaizeGDB database, which are 60 times more than those deposited in the MaizeGDB database so far. A total of 1556 SSR markers from the MaizeGDB database have specific location, and 16.6% of the newly developed SSR markers shared the same loci with public SSR markers. For some of the public SSR markers, the amplicon size was too large and it contained several newly developed SSR primers with different motifs. Therefore, only 0.47% (527) of newly developed SSR markers had completely compatible position with public SSR markers. Another reason for a few common SSRs shared with the two datasets maybe the traditional method for SSR marker development was based on screening of small-insert or microsatellite-enriched genomic libraries by hybridization in different materials, 32 which was different from our analyses based on B73 reference genome and other resequenced genomes. Furthermore, the secondgeneration sequencing was different from the Sanger sequencing, which also lead to the differences. The experimental validation also proved to detect more alleles than the expected in silicon analysis due to diverse materials used in the study, but some SSR loci with little length differences were also hard to distinguish. The average marker density for the newly developed dataset reached one SSR per 14.7 kb in the B73 reference genome, indicating that maize is a highly polymorphic species. 33 The availability of abundant SSR markers allows dramatic improvement in the efficiency of marker-assisted selection and fine mapping of QTL regions.
Previous studies have mainly focused on di-, tri-, and tetra-nucleotide SSRs, whereas mono-, penta-, and hexa-nucleotide SSRs have not drawn enough attention for marker development. We found that mono-nucleotide SSRs had much higher polymorphism rates than others, and penta-and hexa-nucleotide SSRs had relatively longer repeat units. Intron and UTR SSRs were more polymorphic than CDS SSRs due to low selective pressure in non-coding regions, which were consistent with previous reports. 22,34 -36 Experimental validation using 20 maize inbreds and 7 teosinte species showed that over 70% of the primer pairs could generate the target bands with length polymorphism, promising a great potential for the application of these SSR markers. In practice, it would be very powerful when they are used for genetic populations derived from various types of maize germplasm that were sampled for this study.
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